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Abstract: PAHs (polycyclic aromatics hydrocarbons), the compound group that contains perylene
and its derivatives, including functionalized ones, have attracted a great deal of interest in many fields
of science and modern technology. This review presents all of the research devoted to modifications
of PAHs that are realized via the Diels–Alder (DA) cycloaddition of various dienophiles to the
bay regions of PAHs, leading to the π-extension of the starting molecule. This type of annulative
π-extension (APEX) strategy has emerged as a powerful and efficient synthetic method for the
construction of polycyclic aromatic hydrocarbons and their functionalized derivatives, nanographenes,
and π-extended fused heteroarenes. Then, [4 + 2] cycloadditions of ethylenic dienophiles, -N=N-,
i.e., diazo-dienophiles and acetylenic dienophiles, are presented. This subject is discussed from the
organic synthesis point of view but supported by theoretical calculations. The possible applications
of DA cycloaddition to PAH bay regions in various science and technology areas, and the prospects
for the development of this synthetic method, are also discussed.
Keywords: APEX; perylene; bay region; Diels–Alder cycloaddition; nanographenes
1. Introduction
A great deal of research interest has been shown in PAHs (polycyclic aromatic hydrocarbons),
which include compounds such as perylene, benzoperylene, coronenes, ovalenes, naphthoperylene,
bisanthene, and other hydrocarbons based on the perylene structure, and various functionalized
derivatives of the aforementioned molecules. Compounds of this type are of particular interest
in such areas as chemistry and material science and in modern technology [1–20]. It is worth
mentioning that perylene itself has persisted as an important unit in organic material chemistry,
especially in dye chemistry, for over a century [21–25]. With respect to infinite graphene, PAHs show
non-zero tunable bandgaps, and for this reason, they are applied in antenna chromophores [26–28]
or emissive molecular architectures [29–32] and generally in all optoelectronic applications, which
require a tunable semiconducting material [4,33]. PAHs, not only pure hydrocarbon but also
heteroatom-doped π-scaffolds, are precursors of extended carbon networks, and their carbon
(or carbon–heteroatom) skeletons can be considered small pieces of graphene [4,34–37]. In view
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of this, PAHs have been used in numerous theoretical and experimental studies as models for
small-size graphene (i.e., nanographene) [38,39]. As has been pointed out, PAHs, particularly
perylene bisimide derivatives, are of ever-increasing importance in the design and synthesis of
materials for optoelectronic devices, such as solar cells [40–42], light-emitting diodes [43,44], field-effect
transistors (FETs) [45,46], and molecular electronics [34]. Perylene derivatives are also essential
components of hybrid inorganic/organic material systems, which are often more attractive than
“pure” inorganic or organic materials [47,48]. Perylene imides (PIs) and bisimides (PBIs) are
the most frequently researched because of their attractive properties; i.e., they are outstandingly
multifaceted organic chromophores, which makes them extremely useful materials in the field of
organic electronics [16,18,49–62], organic photovoltaics [63–68], and photonics [69–72]. Among the
advantages of PIs and PBIs are their low-cost and commercially available starting material, rigid
and planar aromatic scaffolds, extraordinary thermal and photochemical stability, appreciable and
tunable visible light absorption, unique self-assembly behaviors [59,73–76], and low-lying FMO
(frontier molecular orbitals) [59,76,77]. Due to their favorable combination of unusually high thermal
and photostability, high molar extinction coefficients and fluorescence quantum yield, and excellent
electron-transporting ability [78,79], PBIs have found applications in the dye industry (both as soluble
dyes and insoluble pigments) [16,49] and organic optoelectronic devices (as n-type semiconductor
materials), such as organic thin-film transistors [80], organic solar cells [42,81–84], organic light-emitting
diodes (OLEDs) [49,85–88], organic field-effect transistors (OFETs) [89,90], fluorescent emitters [91],
and molecular wires and sensors [23,34,35], and they serve as building blocks for light-harvesting
and artificial photosynthetic systems [38,39,50] and liquid crystals [59]. It should also be noted
that PBIs lead the way in the development of high-performance electron-accepting materials as
alternatives to fullerenes in organic photovoltaics [92–97]. Aromatic benzene rings (one or more)
and B-, N-, O-, S-, and Se-heterocycle core-extended (core-fused) derivatives [42,52,73–76,98–116]
occupy a very important place among perylene derivatives, including tetraesters and, in particular,
PBIs. The extension of the perylene core can be realized in different positions of this structure,
such as the bay region or both the ortho and bay positions. Such modifications of perylene, PBIs,
and other PAHs lead to perylene homologs such as benzoperylene, naphthoperylene, coronene,
bisanthene, and other polyaromatic derivatives. In view of the above, novel properties can be easily
derived while maintaining the aforementioned benefits of PAHs (i.e., thermo- and photostability).
For instance, the extension of the perylene-3,4,9,10-tetracarboxylic tetraethyl ester core with sterically
demanding groups can form [4] helicene fragments that are able to induce LC (liquid crystalline
state) mesophases and changes in the absorption spectrum [100,101]. Benzoperylene hexacarboxylate,
obtained via the Diels–Alder cycloaddition of maleic anhydride to perylene tetracarboxylic acid
tetraester, can produce an electrode material for high-performance organic lithium-ion batteries [117].
This transformation of the perylene (or another PAH) core via Diels–Alder cycloaddition facilitates
the incorporation of more redox groups and extension of the π-system in one step. Core-extended
azobenzene-annulated PBIs efficiently coordinate to Ru and Ir complexes, which exhibit new and
interesting optical properties [118]. Conductive polymers that contain fused perylene bisimide
(which can be considered benzoperylene derivatives) and bithiophene units can be used as electron
acceptors for efficient all-polymer solar cells [119]. Ring fusion of a perylene bisimide acceptor with
thiophene can yield efficient non-fullerene organic solar cells with a small voltage loss and high
power conversion [107,108]. By comparing fused and non-fused SMAs (non-fullerene small-molecule
acceptors), it has been shown that ring fusion beneficially affects the properties and performances of the
acceptor material [107,108]. Chemical modifications of PAHs are crucial for tuning their electronic and
optical properties, and enabling self-assembly [4,120–122]. As mentioned previously, modifications of
the bare perylene core can be carried out in various positions: peri, ortho, bay, and both ortho and bay
regions (Figure 1). Functionalization of the perylene structure is an excellent method for obtaining
derivatives with improved properties (i.e., optical properties can be tuned from the near-ultraviolet to
the near-infrared spectral region) [15,16,88,121,123]. Straightforward functionalization of PAHs and
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their derivatives, i.e., perylene bisimides, particularly in the bay region, fundamentally affects their
electronic and optical properties [16,119,123].
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synthetic efficiency in the construction of π-extended PAHs, including functionalized ones. This type of
APEX was initially reported by Clar in 1932 with the reaction of perylene with maleic anhydride, which
was then modified by Clar and Zander for the syntheses of benzoperylene and coronene. This field
of chemistry was inactive for some time, but since 2009, when Scott and Fort published their results,
it has been intensively developed [37,131–134]. Some Diels–Alder cycloadditions to the bay regions of
perylene and its derivatives have been recently presented in a very general manner in reviews devoted
to the synthesis of polycyclic aromatic compounds [1,4,37,131–134].
Herein, we provide an overview of all articles and patents devoted to the bay-region
functionalization of perylene and its derivatives via Diels–Alder cycloaddition reactions using various
dienophiles. This issue is discussed mainly from the perspective of organic synthesis, supplemented
with theoretical calculations (in silico chemistry).
2. Cycloaddition to Unsubstituted Perylene
2.1. Cycloaddition of Maleic Anhydride
Maleic anhydride (2) is the first example of a dienophile that can be used in a Diels–Alder
cycloaddition reaction to the bay position of the perylene molecule (1). Such a synthesis was described
for the first time in 1932 by Clar. The reaction between perylene (1) and maleic anhydride (2) was
carried out in the presence of nitrobenzene (which acted as a solvent and oxidizing agent) at reflux
(202 ◦C) for 1–1.5 h, and it produced the expected product (3) in 45% yield [135]. An analogous reaction
using molten maleic anhydride as the solvent (at reflux), with p-chloranil added to aromatize the new
ring, and reduced time (10 min) resulted in a much higher yield (97%) [136,137]. This cycloaddition is
thermally reversible, so using an oxidation agent (p-chloranil) is necessary to obtain aromatic products.
p-Chloranil is most frequently used (nitrobenzene is also used but much less often), and the process of
aromatization is irreversible, as shown in Scheme 1.
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Scheme 1. Cycloaddition of maleic anhydride to the perylene bay region. Reagents and conditions:
(a) PhNO2, rfx, 1–1.5 h, Y = 45% [135]; (b) p-chloranil, rfx, 10 min, Y > 97% [136–140]; (c) p-chloranil, rfx,
10 min (oil bath at 240 ◦C), Y = 100% [126,141,142]; (d) p-chloranil, PhNO2, 190–200 ◦C, 20 min [143];
and (e) p-chloranil, CHCl3, 140 ◦C, 24 h, Y > 99% [144].
The cycloadd tion of 2 to unsubstitut d peryl e (1) has been described many times. There are a few
procedures with different reaction condi ions, oxidizing agents, metho s of product s para ion, and final
yields. The details of the procedures can be found in t e escription under Scheme 1. The procedure
d s ribed in 2014 [138] merits special attention b cause the reaction was performed in he presence
of a small amount of chloroform solution from 140 ◦C to b.p., and th yield was almost quantitative.
It should be added that the product of thi reaction, i.e., benzo[ghi]peryle -1,2-d carboxylic anhydride
(3), is practic lly insoluble in typical organic solvents.
However, this relatively simple access to benzoperylene dicarboxylic anhydride (3) has opened
up new pathways to the fabrication of the family of coronene bisimides, synthesized in the following
cascade: Diels–Alder (DA) cycloaddition of maleic anhydride (2) to perylene (1) and the subsequent
reaction of the obtained product (3) with the corresponding amine (the cascade repeats twice and,
in the following steps, products 4, 5, and 6 were obtained), which is depicted in Scheme 2. It is worth
mentioning that the final product of these reactions, i.e., 6 (n-type coronene bisimide amphiphile),
is very soluble and exhibits varied optical properties, which can be controlled by the composition of
the solvent.
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Sche e 2. Synthesis of a coronene bisimide amphiphile using Diels–Alder cycloaddition to the
bay region of perylene [126]. Reagents and conditions: (a) p-chloranil, 240 ◦C, 10 min, Y = 99%;
(b) dodecylamine, DMF, rfx, 12 h, Y = 68%; (c) maleic anhydride, p-chloranil, 240 ◦C, 4 days, Y = not
reported; and (d) glycola ine, D F, rfx, 12 h, Y = 42 .
In a similar reaction cascade, N-substituted benzo[ghi]perylenes with the following substituents
were also obtained: isopropyl (yield not reported), nonan-5-yl (Y = 89%), undecan-6-yl (Y = 86%),
and tridecan-7-yl (Y = 76%) [138].
2.2. Cycloaddition of N-Substituted Maleimides
The cycloaddition of N-substituted maleimides to the perylene (1) bay region is also possible and
even easier than the cycloaddition of maleic anhydride (2) because a double adduct (8) is obtained,
as in Scheme 3. Similar to the product of maleic anhydride cycloaddition, the products of N-ethyl
maleimide (7) cycloaddition are insoluble in all common solvents [126,141]. In the reaction shown
below (Scheme 3), the monoadduct (9) was not separated.
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014, Verma nd coworkers described the cycloaddition of a chiral derivative of maleimide (10) to
perylene (1), yi lding N-maleoyl-D-Phe- - e-OMe (94.3% yield); however, the product itself was not
isolated. The monoadduct was converted into benzo[ghi]perylene-1,2-dicarboxylic(D-Phe-D-Phe-OH)
(11) through the hydrolysis of the COOMe into the COOH group using LiOH, resulting in 80% yield
(Scheme 4) [47,48].
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An analogous reaction was reported two years later, in 2016, also by Verma’s research group.
The final product (BPI-FF-OH) was used to synthesize BPI-FF-OH/cadmium-doped ZnO nanostructured
lamellar hybrids [48].
2.3. Cycloaddition of Alkyl Acrylates
The application of alkyl acrylates as dienophiles in cycloadditions to the perylene core is also
reported in the literature. Using appropriate acrylate dienophiles, Hirayama et al. synthesized
benzo[ghi]perylene and coronene derivatives with electron-withdrawing methoxycarbonyl (COOMe)
and methoxy (OMe) groups. Methyl benzo[ghi]perylene-1-carboxylate (13) was synthesized via the
reaction of methyl acrylate (12), which also acted as a solvent, with 1 in the presence of p-chloranil
(used for cycloadduct aromatization) and p-hydroxyanisole (acting as a radical scavenger, which limits
the polymerization of acrylate), as illustrated in Scheme 5 [142].
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9), as shown in Scheme 7 [145]. The products of these cycloaddition–aromatization reactions are the 
corresponding PAHs and hydrazine-N,N’-dicarboxylates (the latter are the result of hydrogen 
transfer from the cycloadduct to dienophile products). Therefore, the reaction discussed here 
proceeds somewhat differently than the cycloaddition–rearomatization of dialkyl 
acetylenedicarboxylates to 1, in which hydrogen elimination takes place. Furthermore, in the case of 
the cycloaddition–rearomatization reaction, hydrogen transfer to the dienophile is not observed 
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2.4. Cycloaddition of Dialkyl Diazenedicarboxylate
Tokita et al. described the cycloaddition of dialkyl diazenedicarboxylates to the bay regions of
perylene (1), dibenzo[b,n]perylene (199) (see Section 9), and 1,2-diazobenzo[ghi]perylene (see Section 9),
as shown in Scheme 7 [145]. The products of these cycloaddition–aromatization reactions are the
corresponding PAHs and hydrazine-N,N’-dicarboxylates (the latter are the result of hydrogen transfer
from the cycloadduct to dienophile products). Therefore, the reaction discussed here proceeds somewhat
differently than the cycloaddition–rearomatization of dialkyl acetylenedicarboxylates to 1, in which
hydrogen elimination takes place. Furthermore, in the case of the cycloaddition–rearomatization
reaction, hydrogen transfer to the dienophile is not observed (dialkyl maleate or fumarate was not
detected) [145]. In the earlier-mentioned publication, diethyl (18), diisopropyl (19), and di-t-butyl
diazenedicarboxylates were used as dienophiles. Reactions with the first two diazenedicarboxylates
produce 20 and 21 in 40% and 32% yields, respectively.
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2.5. ycloaddition of Benzo- and aphthoquinones
In 1968, the cycloaddition of p-benzoqui one (24) to perylene (1), leading to naphtho[ghi]
perylene-1,4-dione 25, was described (Scheme 9) [146]. Nitrobenzene acted as a mild oxidizing agent.
The obtained product (25) was subjected to a reduction reaction (red phosphorus, HI, 220 ◦C, 60 h),
which resulted in naphtho[ghi]perylene.
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Si ilar to the reaction shown in Scheme 9, in the reaction of perylene (1) with 1,4-naphthoquinone
(26), the cycloaddition product, i.e., 27, was also reduced to an acene, namely, anthracenoperylene,
using zinc powder, NaCl, and ZnCl2 at 240–250 ◦C, which results in a color change from brown to
olive-green, and then 290–295 ◦C [146]. No diadduct was found in either reaction.
2.6. Cycloaddition of Acetylene
In 2010, F rt and Scott synthesized benzo[ghi]perylene (29) via the cycloaddition of perylene (1)
with acetylene, which was generated in situ from nitroethanol as masked acetylene (Scheme 11) [147].
The authors suggested that the mechanism of this reaction occurs in three distinct steps: cycloaddition
of nitroethene (28) to the perylene core, thermal elimination of a hydrogen molecule, and, finally,
thermal elimination of HONO [147].
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resulting in a non-substituted benzene ring, can be applied in a carbon nanotube growing strategy via
DA cycloaddition–rearomatization reactions [45].
The cycloaddition of phenyl vinyl sulfoxide (30), applied as masked acetylene, to perylene (1)
also resulted in benzo[ghi]perylene (29) (Scheme 12) [147]. Unfortunately, the reaction had a very
poor yield (<10% after 4 days). Moreover, the prolonged reaction time caused the polymerization and
decomposition of the dienophile.
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Comparing the reactivity of nitroethylene (28) and phenyl vinyl sulfoxide (30) in Diels–Alder
cycloaddition reactions, it can be inferred that the first one is a much better dienophile. Phenyl vinyl
sulfoxide (30) polymerizes/decomposes very quickly in the reaction not only with perylene but also
with the much more reactive bisanthene (this cycloaddition takes place but is much less straightforward
and efficient than with nitroethanol as a dienophile; also see Section 11.2). Furthermore, it is known
that selenoxide is an even worse dienophile than sulfoxide [147]. The differences in the reactivity of
dienophiles, which can be applied as “masked acetylene”, e.g., QCH=CH2 (Q = PhS(O)-, O2N-, F5C6-,
F3C-), are also confirmed by theoretical calculations (see Section 12).
2.7. Cycloaddition of Acetylenedicarboxylates
The cycloaddition of acetylenedicarboxylates to the perylene (1) core was described in 1959 by
Hoppf and Schweizer. The reaction between 1 and dimethyl acetylenedicarboxylate (31) proceeded
in nitrobenzene in the presence of p-chloranil and resulted in 22% yield [143]. In 2009, cycloaddition
reactions of diethyl acetylenedicarboxylate (32) to the bay region of perylene (1) and bisanthene were
described (see Section 11.3), as shown in Scheme 13 [149]. As a byproduct of this reaction, hydrogen
is released, and, importantly, acetylenedicarboxylate does not act as a hydrogen acceptor [149–151].
Significantly, in contrast to the reaction with dimesitylbisanthene (208) (see Section 11.3), cycloaddition
to both bay regions was not observed, so coronene derivatives were not formed.
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conversion of 1 and high isolated yield of benzo[ghi]perylene derivatives (Y = 95% and 96% for 33 and
34, respectively) after 24 h of heating [152,153].
2.8. Cycloaddition of Diarylacetylenes
Recently, our group’s research showed that the cycloaddition of different diarylacetylenes to
the perylene (1) bay region to afford the corresponding 1,2-diarylbenzo[ghi]perylenes (35-43) is also
possible, despite the high activation energy (also see Section 12) calculated for the model reaction of
diphenylacetylene to perylene (see Scheme 14 and Figure 2) [152,154,155].
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The above-mentioned reaction creates completely new possibilities for functionalizing the perylene
core and synthesizing novel precursors of smaller graphene pieces. Undoubtedly, the big advantage
of this reaction is the use of an excess of molten perylene, which can be quantitatively removed via
sublimation [152,155]. The reaction conditions (especially temperature) were selected on the basis of
computational calculations (see Section 12).
2.9. Reaction of 1,4-Diaryl-1,3-Butadiynes with Perylene: Domino-Type Cycloaddition–Cycloaromatization
Recently, we discovered a brand-new reaction of perylene 1 with 1,4-diaryl-1,3-butadiynes
(44 and 45) that leads to π-extended perylene derivatives (48-49), as shown in Scheme 15. The results
of DFT calculations were our inspiration, especially because the activation energy of the cycloaddition
of PhC≡C-C≡CPh to perylene was lower than that of PhC≡CPh (see Section 12). In the first stage of
this reaction, the [4 + 2] cycloaddition of diarylbutadiyne (44 or 45) to the 1 bay region takes place.
Importantly, diarylbutadiyne reacts analogously to disubstituted acetylene, and only one of the triple
bonds undergoes cycloaddition. In the second stage, the resulting aryl-(arylethynyl)benzo[ghi]perylene
(46 or 47) rapidly undergoes a cycloaromatization reaction, similarly to masked dienyne, and results
in 48 or 49, which is well-documented [156–166]. Thus, it is a domino-type reaction: Diels–Alder
cycloaddition with subsequent cycloaromatization [152,165,166].
Molecules 2020, 25, x FOR PEER REVIEW 11 of 49 
 
 
Scheme 15. From perylene and diarylbutadiynes to π-extended PAHs via tandem DA cycloaddition–
cycloisomerization [152,165,166]. Reagents and conditions: (a) 10 eq. of diyne, 280 °C, 72 h, <0.01 Pa, 
Y = 10% (48) and 8% (49). 
The cycloisomerization (cycloaromatization) of compounds, which are structurally similar to the 
intermediates (46 or 47) formed in the reaction shown in Scheme 15, is described in the literature. It 
is based on transformation using ethynylarenes and conjugated dienynes, including masked ones 
[156–166]. 
2.10. Cycloaddition of Benzyne and Naphthynes 
The cycloaddition reaction to the perylene core using arynes as dienophiles was described for 
the first time in 1966 by Stork and Matsuda in a U.S. patent. The authors proposed a method to 
generate benzyne (50) from benzenediazonium 2-carboxylate, which is created in situ from 
anthranilic acid and isoamyl nitrite. The final product of the generated benzyne and perylene (1), 
namely, naphtho[ghi]perylene (51), was obtained in 66% yield (see Scheme 16) [167]. Recently, a new 
variant of the above-described benzyne-generation method was reported. First, a diazonium salt is 
synthesized, and then it is subjected to a reaction with KF and 18-Crown-6 to generate benzyne [168]. 
Thus-generated 50 undergoes in situ cycloaddition to 1, and naphtho[ghi]perylene (51) is formed in 
77% yield. Therefore, it is a two-stage process, which is a serious drawback. Moreover, if the yield of 
the synthesis of diazonium salt is taken into account, the final yield of 51 is about 10% lower. 
In 2011, Fort and Scott published their studies dedicated to the cycloaddition of 50, generated in 
the gas phase from phthalic anhydride or in solution from (2-trimethylsilyl)phenyl 
trifluoromethanesulfonate, to the perylene (1) bay region (Scheme 16). According to the authors, the 
reaction in the gas phase can be a useful strategy for the growth of carbon nanotubes [169].  
 
Scheme 16. Cycloaddition of benzyne to the perylene bay region: synthesis of naphtho[ghi]perylene 
[167–169]. Reagents and conditions: (a) benzenediazonium 2-carboxylate, DCM/THF (4v/1v), rfx, 3.5 
h, Y = 66%; (b) NBu4F trihydrate (TBAF), 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (benzyne 
precursor), PhMe, rfx, 2.5 h, Y = 45%; and (c) phthalic anhydride (benzyne precursor), high-
temperature flow system (up to 1000 °C), Y = 4.8%. 
In 2014, Schuler and his colleagues proposed the cycloaddition of bis-benzyne precursor 52 to 
perylene (1), leading to monoadduct (53) formation, wherein the conditions of this reaction, including 
the temperature and solvent, were selected to reduce the regeneration of benzyne, and, consequently, 
limited the formation of the double adduct (Scheme 17) [170]. 
Scheme 15. From perylene and diarylbutadiynes to π-extended PAHs via tandem DA
cycloaddition–cycloisomerization [152,165,166]. Reagents and conditions: (a) 10 eq. of diyne, 280 ◦C,
72 h, <0.01 Pa, Y = 10% (48) and 8% (49).
The c cloiso erization (cycloaromatization) of co pounds, hich are structurally si ilar to the
inter e iates (46 r 47) f r e i t e reaction shown in Scheme 15, is described in the literature.
It is based on transformation using ethynylarenes and conjugated dienynes, including masked
ones [156–166].
2.10. cl itio of e z e a aphthynes
The cycloa iti reacti t the peryle e core using arynes as dienophiles as describe for
the first ti e in 1966 by Stork and Matsuda in a U.S. patent. a t rs ro s a et to
generate benzyne (50) from benzenediazonium 2-carboxylate, which is created in situ from anthranilic
acid and isoamyl nitrite. The final product of the generated benzyne and perylene (1), namely,
naphtho[ghi]perylene (51), was obtained in 66% yield (see Scheme 16) [167]. Recently, a new vari nt of
the above-descri ed benzyne-gen ration m thod was r ported. First, a diazonium salt is synthe ized,
and n it is subject d to a reaction with KF nd 18-Crown-6 to generate benzyne [168]. Thus-generated
50 nd rgoes in sit cycloaddition to 1, n naphtho[ghi]perylene (51) is formed in 77% yield.
Therefore, it is a two-stage proces , which is a erious drawback. Mo eover, if the yield of the synthesis
of diazonium salt s taken into account, the final yield of 51 is about 10% lower.
Molecules 2020, 25, 5373 12 of 50
Molecules 2020, 25, x FOR PEER REVIEW 11 of 49 
 
 
Scheme 15. From perylene and diarylbutadiynes to π-extended PAHs via tandem DA cycloaddition–
cycloisomerization [152,165,166]. Reagents and conditions: (a) 10 eq. of diyne, 280 °C, 72 h, <0.01 Pa, 
Y = 10% (48) and 8% (49). 
The cycloisomerization (cycloaromatization) of compounds, which are structurally similar to the 
intermediates (46 or 47) formed in the reaction shown in Scheme 15, is described in the literature. It 
is based on transformation using ethynylarenes and conjugated dienynes, including masked ones 
[156–166]. 
2.10. Cycloaddition of Benzyne and Naphthynes 
The cycloaddition reaction to the perylene core using arynes as dienophiles was described for 
the first time in 1966 by Stork and Matsuda in a U.S. patent. The authors proposed a method to 
generate benzyne (50) from benzenediazonium 2-carboxylate, which is created in situ from 
anthranilic acid and isoamyl nitrite. The final product of the generated benzyne and perylene (1), 
namely, naphtho[ghi]perylene (51), was obtained in 66% yield (see Scheme 16) [167]. Recently, a new 
variant of the above-described benzyne-generation method was reported. First, a diazonium salt is 
synthesized, and then it is subjected to a reaction with KF and 18-Crown-6 to generate benzyne [168]. 
Thus-generated 50 undergoes in situ cycloaddition to 1, and naphtho[ghi]perylene (51) is formed in 
77% yield. Therefore, it is a two-stage process, which is a serious drawback. Moreover, if the yield of 
the synthesis of diazonium salt is taken into account, the final yield of 51 is about 10% lower. 
In 2011, Fort and Scott published their studies dedicated to the cycloaddition of 50, generated in 
the gas phase from phthalic anhydride or in solution from (2-trimethylsilyl)phenyl 
trifluoromethanesulfonate, to the perylene (1) bay region (Scheme 16). According to the authors, the 
reaction in the gas phase can be a useful strategy for the growth of carbon nanotubes [169].  
 
Scheme 16. Cycloaddition of benzyne to the perylene bay region: synthesis of naphtho[ghi]perylene 
[167–169]. Reagents and conditions: (a) benzenediazonium 2-carboxylate, DCM/THF (4v/1v), rfx, 3.5 
h, Y = 66%; (b) NBu4F trihydrate (TBAF), 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (benzyne 
precursor), PhMe, rfx, 2.5 h, Y = 45%; and (c) phthalic anhydride (benzyne precursor), high-
temperature flow system (up to 1000 °C), Y = 4.8%. 
In 2014, Schuler and his colleagues proposed the cycloaddition of bis-benzyne precursor 52 to 
perylene (1), leading to monoadduct (53) formation, wherein the conditions of this reaction, including 
the temperature and solvent, were selected to reduce the regeneration of benzyne, and, consequently, 
limited the formation of the double adduct (Scheme 17) [170]. 
Sche e 16. Cycloaddition of benzyne to the perylene bay region: synthesis of naphtho[ghi]
perylene [167–169]. Reagents and conditions: (a) benzenediazonium 2-carboxylate, DCM/THF (4v/1v),
rfx, 3.5 h, Y = 66%; (b) NBu4F trihydrate (TBAF), 2-(trimethylsilyl)phenyl trifluoromethanesulfonate
(benzyne precursor), PhMe, rfx, 2.5 h, Y = 45%; and (c) phthalic anhydride (benzyne precursor),
high-temperature flow system (up to 1000 ◦C), Y = 4.8%.
2011, Fort and Scott published their s udies de icated to the cycloaddition of 50,
g nerat d in the gas phase from phthalic anhydride o solution from (2-trim thylsilyl)phenyl
rifluoromethanesulfonate, to th peryl ne (1) bay region (Scheme 16). According to the a thors
the reaction in the gas phas can useful strategy for the growth of carbon nanotubes [169].
In 2014, Schuler and his colleagues proposed the cycloaddition of bis-benzyne precursor 52 to
perylene (1), leading to monoadduct (53) formation, wherein the conditions of this reaction, including
the temperature and solvent, were selected to reduce the regeneration of benzyne, and, consequently,
limited the formation of the double adduct (Scheme 17) [170].Molecules 2020, 25, x FOR PEER REVIEW 12 of 49 
 
 
Scheme 17. Monocycloaddition of benzo-diyne precursor to the perylene bay region [170]. Reagents 
and conditions: (a) CsF, ThF/MeCN (1v/1.8v), 60 °C, 16 h, Y = 49%. 
Subsequently, the resulting perylene derivative (53) was subjected to the palladium-catalyzed [2 
+ 2 + 2] cyclotrimerization of an aryne using CsF and a catalytic amount of [Pd2(dba)3]. This reaction 
resulted in a star-shaped nanographene-like material (54), which is depicted in Scheme 18 [170]. 
However, the obtained nanographene (54) does not contain any substituents and is completely 
insoluble in organic solvents [170]. 
 
Scheme 18. Cyclotrimerization of perylene-fused-benzyne to star-shaped-nanographene [170]. 
Reagents and conditions: (a) Pd2(dba)3, CsF, THF/MeCN (1v/1v), 60 °C, 16 h, Y = 46%. 
It should be added that there are a lot of publications devoted to the synthesis of various 
nanographenes in the literature, including star-shaped and functionalized ones from different arynes. 
For instance, the synthesis of soluble TIPS-ethynyl-starphenes via Yamamoto coupling–
cyclotrimerization of TIPS-dibromo-tetra- or pentacene precursors was described in 2011 [171]. The 
cyclotrimerization of arynes to phenanthrene-fused-benzyne was also described [171]. Multiple 
examples of applications of benzyne, bis-benzyne, arynes, and bis- and polyarynes in the synthesis 
of PAHs, including functionalized ones, via cycloaddition, double-cycloaddition, cyclotrimerization, 
and other reactions are described in the literature [37,163,171–174]. 
Another reaction worth mentioning is the synthesis of naphtho[ghi]perylene derivatives (with 
the structures described by 60-64) via the cycloaddition of benzyne derivatives to the bay region of 1 
(HDDA reaction: hexadehydro-Diels–Alder reaction), which was described by Xu et al. in 2016 [175]. 
The benzyne derivatives were produced in situ by the thermal cycloisomerization of tetrayne 
substrates (55-59), as illustrated in Scheme 19.  
 
c e e 17. onocycloaddition of benzo-diyne precursor to the p rylene bay region [170]. Reagents a d
conditions: (a) CsF, Th /MeCN (1v/1.8 ), 60 ◦C, 16 h, Y = 49%.
tl , t r lti r l erivative (53) was subjected to the palladium-c talyzed
[2 + 2 + 2] cyclotrimerization of an aryne using CsF and a catal ti t f [ 2( ) ]. is r ti
r s lt i st r-s r -li t ri l ( ), i i i t i [ ].
, t t i ( ) t c t i s stit t is co l t l
i s l le i rga ic solvents [170].
olecules 2020, 25, x FOR PEER REVIE  12 of 49 
 
 
Sche e 17. o oc cloaddition of benzo-diyne precursor to the perylene bay region [170]. Reagents 
and conditions: (a) CsF, ThF/ eC  (1v/1.8v), 60 °C, 16 h, Y = 49 . 
Subsequently, the resulting perylene derivative (53) as subjected to the palladiu -catalyzed [2 
+ 2 + 2] cyclotri erization of an aryne using sF and a catalytic a ount of [Pd2(dba)3]. This reaction 
resulted in a star-shaped nanographene-like aterial (54), hich is depicted in Sche e 18 [170]. 
o ever, the obtained nanographene (54) does not contain any substituents and is co pletely 
insoluble in organic solvents [170]. 
 
Sche e 18. Cyclotri erization of perylene-fused-benzyne to star-shaped-nanographene [170]. 
Reagents and conditions: (a) Pd2(dba)3, CsF, T F/ eC  (1v/1v), 60 °C, 16 h, Y = 46 . 
It should be added that there are a lot of publications devoted to the synthesis of various 
nanographenes in the literature, including star-shaped and functionalized ones fro  different arynes. 
For instance, the synthesis of soluble TIPS-ethynyl-starphenes via Ya a oto coupling–
cyclotri erization of TIPS-dibro o-tetra- or pentacene precursors as described in 2011 [171]. The 
cyclotri erization of arynes to phenanthrene-fused-benzyne as also described [171]. ultiple 
exa ples of applications of benzyne, bis-benzyne, arynes, and bis- and polyarynes in the synthesis 
of P s, including functionalized ones, via cycloaddition, double-cycloaddition, cyclotri erization, 
and other reactions are described in the literature [37,163,171–174]. 
nother reaction orth entioning is the synthesis of naphtho[ghi]perylene derivatives ( ith 
the structures described by 60-64) via the cycloaddition of benzyne derivatives to the bay region of 1 
(  reaction: hexadehydro- iels– lder reaction), hich as described by Xu et al. in 2016 [175]. 
The benzyne derivatives ere produced in situ by the ther al cycloiso erization of tetrayne 
substrates (55-59), as illustrated in Sche e 19.  
 
m 18. Cyclotrimerization of erylene-fused-benzyne to - graphene [ .
2( )3, CsF, H / N / ◦ , , 46%.
Molecules 2020, 25, 5373 13 of 50
It should be added that there are a lot of publications devoted to the synthesis of
various nanographenes in the literature, including star-shaped and functionalized ones from
different arynes. For instance, the synthesis of soluble TIPS-ethynyl-starphenes via Yamamoto
coupling–cyclotrimerization of TIPS-dibromo-tetra- or pentacene precursors was described in
2011 [171]. The cyclotrimerization of arynes to phenanthrene-fused-benzyne was also described [171].
Multiple examples of applications of benzyne, bis-benzyne, arynes, and bis- and polyarynes in
the synthesis of PAHs, including functionalized ones, via cycloaddition, double-cycloaddition,
cyclotrimerization, and other reactions are described in the literature [37,163,171–174].
Another reaction worth mentioning is the synthesis of naphtho[ghi]perylene derivatives (with
the structures described by 60-64) via the cycloaddition of benzyne derivatives to the bay region of 1
(HDDA reaction: hexadehydro-Diels–Alder reaction), which was described by Xu et al. in 2016 [175].
The benzyne derivatives were produced in situ by the thermal cycloisomerization of tetrayne substrates
(55-59), as illustrated in Scheme 19.
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32% (62); 53% (63); and 31% (64).
An analogous reaction was also carried out for tetraetoxycarbonylperylene (see Section 8).
In 2017, Hoye et al. demonstrated that the HDDA cyclotrimerization reaction to produce benzyne
derivatives could be initiated photochemically using tetrayne 65 [176]. They presented the synthesis of
core-extended PAH 66 via benzyne cycloaddition to the perylene bay region (see Scheme 20).
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In 2018, Xiao and Hoye showed the development and use of the domino HDDA reaction to
synthesize structurally diverse polyacenes from acyclic polyyne precursors [177]. The key factor in
these transformations is the successive thermal reaction of multiple 1,3-butadiyne units, e.g., 67, with a
series of in-situ-generated diynophilic arynes to produce higher polyacynes. This method was applied
to the synthesis of anthracene-fused-perylene (68) via the DA cycloaddition of an in-situ-generated
naphthyne derivative to the perylene (1) bay region (Scheme 21).
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l derivatives 51, 71, and 72 (see Scheme 22) [178–181]. We tested four aryne-generation methods
for t e reaction of peryle e with benzyne gen rated from 2-trimethylsilyl triflate, and all of them proved
to be effective, furnishing th expected product (51) with high yields. In the case of benzy e generation
using the system KF + Bu4NF in THF, adding a large excess of KF and lowering the temperature to
60 ◦C turned out to be crucial. The yield of the reaction increased significa tly compared with that
obtained by For and Scott [169].
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. of aryne precursor, CsF, MeCN/THF (1v/1v), Y = 87% (51), 64% (71), and 57% (72); (b) 8 eq.
of aryne precursor, KF, 18-Crown-6 1.0 M solution in THF, THF, 60 ◦C, 72 h, Y = 8 % (51), 66% (71),
and 61% (72 ; (c) 10 eq. of be zyne precu sor, KF, Bu4NF 1.0 M solution in THF, Y = 86% (51); and (d) 4 .
of aryne precursor, CsF, succinonitrile/1,2-dimethoxyethane (1v/1v), 60 ◦C, 24–96 h; Y = 95% (51),
79% (71), and 70% (72).
The cycloaddition reactions of the arynes (50, 69, and 70) depicted in Scheme 22 were also realized
for perylene tetracarboxylic acid tetrabenzyl ester (see Section 8). These reactions are even more
effective when a mixture of 2-dicyanoethene and 1,2-dimethoxyethane, instead of MeCN and THF,
is used. The efficiency of this procedure is particularly evident in the cycloaddition reactions of benzyne
to diarylbenzoperylenes (see Section 9).
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3. Cycloaddition to Alkyl Perylenes
3.1. Cycloaddition of Maleic Anhydride
The cycloaddition of maleic anhydride (2) to 3,10-di(n-hexyl)perylene (73) was described by
Cammidge and Gopee (Scheme 23) [182]. Despite the presence of two alkyl groups, the final product
of this reaction (74) was only sparingly soluble in common solvents and hence difficult to purify and
handle. Moreover, the reaction yield was low—only 16% (significantly lower than the near-quantitative
yield for unsubstituted perylene (1))—and degradation products were observed.
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As a result of this reacti n, two regiois mers (77 and 78 for 73; 79 an 80 for 75) were formed.
Unfortunately, because of the formation of degradation products, the yields were extremely low (2% +
5% for 77 and 78; 1% + 0% for 79 and 80, respectively) [182].
3.3. Cycloaddition of Triazolinedione
In 1993 [183] and the again in 1998 [184], the cycloaddition reaction between 4- n-alkyl)-
1,2,4-triazol-3,5-diones (88-92) and 3,10- and 3,9-dialkylperylenes (73,75,81–87), producing
3,9(10)-di(n alkyl)-5,6.11,12-tetraazo-5,6,11,12-tetrahydrocoronene-5,6,11,12-tetracarboxylic acid di-N-
substituted-bisimides (93-113), was reported (Scheme 25) [183,184].
The reaction mixture was heated until the starting material (yellow) and monoadduct (red)
completely vanished. Diadducts (93–113) were obtained in high yields, but monoadducts were
not isolated. Importantly, p-chloranil was not necessary in this reaction. The reaction depicted in
Scheme 25 is an example of the cycloaddition of triazolinediones to the bay regions of both perylene
and 1,2-diazobenzo[ghi]perylene (also see Section 7.3).
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4. Cycloaddition to Nitroperylene
The cycloaddition of diethyl maleate (120) to the 1-nitroperylene (119) bay region, resulting in
diethyl 7-nitrobenzo[ghi]perylene-1,2-dicarboxylate (121), as shown in Scheme 27, was described in
2008 by Jiang et al. [185].
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Sche e 27. Synthesis of diethyl 7-nitrobenzo[ghi]perylene-1,2-dicarboxylate via cycloaddition/
aromatization of diethyl maleate to the 1-nitroperylene bay region [185]. Reagents and conditions:
(a) 180 ◦C, 5 h, then p-chloranil (after cooling to rt.), then 180 ◦C, 24 h; Y = 51%.
introduction of two carboxylate moieties s gnifica tly improves the solubility of final products
and also affects the solid-stat packing mode. I this reaction, it is necessary to employ p-chloranil as a
dehydrogen tion agent [185].
5. ycloaddition to icyanoperylene
elber et al. presented the cycloaddition reaction of aleic anhydride (2) to the dicyanoperylene
(122) bay region (Sche e 28). o ever, the cycloadduct (123) itself as not isolated, as it as
i ediately converted into a diester, and the reaction resulted in an overall yield of 46% [186].
It should be noted that the cycloaddition was completely regioselective, and only one cycloadduct as
obtained (see Sche e 28).
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Scheme 29. Cycloaddition of acetylene generated in situ from nitroethanol to a cycloparaphenylene
containing a perylene motif [148]. Reagents and conditions: (a) 2-nitroethanol (acetylene source),
phthalic anhydride, 200 ◦C, MW, o-Cl2C6H4, 20 h.
Unfortunately, all efforts to separate the cycloaddition product from the starting material were
unsuccessful. The yield was determined with the aid of NMR and MALDI-TOF spectra.
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7. Cycloaddition to Perylene Bisimides and Their Derivatives
7.1. Cycloaddition of Maleic Anhydride
The cycloaddition of melted maleic anhydride (2) to the bay regions of N-substituted perylene
bisimides (126-130) could be performed in the presence of p-chloranil, and it resulted in monoadducts
131-135 (diadducts were not obtained), as illustrated in Scheme 30 [187].
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Scheme 31. Cycloaddition of N-phenyl-maleimide to N,N’-bis(1-hexylheptyl)perylene bisimide [188].
Reagents and conditions: (a) = p-chloranil, CHCl3 (small amount), 120 ◦C, and then rfx, 3 d, Y = 94%.
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7.3. Cycloaddition of 1,2,4-Triazol-3,5-Diones to Perylene Bisimides
In contrast to the cycloaddition reaction of maleic anhydride (to perylene bisimides), in which only
the monoadduct is formed, the reaction of more reactive dienophiles, such as 1,2,4-triazole-3,5-dione
derivatives (e.g., 138 and 88), leads to both mono- (139) and diadduct (140 and 141) formation
(Scheme 32) [187–189].
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7.4. Cycloaddition of Azodicarboxylate
Another reaction that appeared in Langhals et al.’s patent is the cycloaddition of diisopropyl
azodicarboxylate to N,N’-bis(1-hexylheptyl)perylene bisimide (Scheme 34) [188].
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perylene bisi ides (see Sche e 35 and Figure 3) [152,190–193].
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The results of the reaction shown in Scheme 35 and Figure 3 were in good agreement with the results
of DFT calculations (see Section 12). In particular, it turns out that, for the cycloaddition of acetylene to
1,6,7,12-tetrasubstituted perylenes, the calculated activation energy of cycloadduct formation does
not specifically depend on the electronic nature of the substituents (activation energy = 35.0, 34.8,
and 33.9 kcal/mol for the substituents H, NH2, and NO2, respectively) [152].
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(2-ethylhexyl) benzo[ghi]perylene diimides bay regions: list of obtained products [152]. Y = 27% (146);
46% (147); 15% (148); and 10% (149).
7.6. Cycloaddition of Arynes
In 2019, two teams almost concurrently published the results of their application of the APEX
strategy (i.e., cycloaddition of arynes to perylene bisimides 128, 150, and 151) for the synthesis of
core-extended perylene bisimides (152-157) [132,133]. In Scheme 36, the results obtained by both teams
for the reaction of benzyne (50) cycloaddition are shown.
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Scheme 36. Cycloaddition of benzyne to the perylene bisimide bay region [132,133]. Reagents and
conditions: (a) for 150 or 151: benzyne precursor: 1-(OTf)-2-(TMS)benzene or 1-(COO-)-2-(N2+)benzene,
160 ◦C, 48 h; KF, PhCN [132] and (b) for 128: 1-(OTf)-2-(TMS)benzene (70 ◦C, THF) or 1-(COO-)-
2-(N2+)benzene (70 ◦C, THF, 18-Crown-6), up to 36 h [133].
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Nakamura et al. obtained a mixture of mono- and dicycloaddition products, but the isolated yields
were low or very low (or were not given), despite the long reaction time and high temperature [132].
The authors emphasized that they had difficulties with product isolation from the post-reaction
mixtures, and as a result of these obstacles, the maximum isolated yields of the monoadduct reached
only 37%. According to our experience, a high reaction temperature leads to the creation of many
side products. Therefore, benzyne cycloaddition should be conducted at the lowest possible reaction
temperature, preferably lower than 80 ◦C [178–181]. The results of the second scientific team, namely,
Zink-Lore et al. [133] confirmed the role of the reaction temperature in the creation of side products.
The isolated yields were higher (up to 70% mono- and 10% diadduct), even though the reaction
temperature was only 70 ◦C. Moreover, when a shortage of benzyne was used, the monoadduct
was selectively prepared. Furthermore, better results were obtained when 1-(OTf)-2-(TMS) benzene
played the role of the benzyne precursor instead of 1-(COO-)-2-(N2+) benzene [133]. Using various
aryne precursors and appropriate reaction conditions, the mentioned authors obtained several new
core-extended perylene bisimides. A few of them are presented in Figure 4 [133].
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The first mentioned scientific team, Nakamura and coworkers, successfully realized the
cycloaddition of 2,3-naphthyne and 9,10-anthryne (generated from both corresponding precursors,
namely, OTf- and TMS- or N2+- and COO- substituted 2,3-naphthalene or 9,10-phenanthrene
derivatives) to the bay regions of perylene bisimides (150 and 151), as shown in Scheme 37 [132].
The reaction conditions were identical to those shown in Scheme 36, and isolated yields reached a
maximum of 54%.
The research of both above-mentioned scientific teams was supported by DFT calculations
(see Section 12).
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8. Cycloaddition to Perylenetetracarboxylic Acid Tetraesters
In 2011, Kelber et al. described the cycloaddition of maleic anhydride (2) to perylene 3,4,9,10-
tetracarboxylic acid tetraethyl ester (170), as shown in Scheme 38. The cycloaddition product (171)
was not isolated, and the authors performed a further reaction, i.e., the conversion of this cycloadduct
into benzo[ghi]perylene-1,2,4,5,10,11-hexacarboxylic hexaethyl ester (with 53% overall yield) [186].
It is worth mentioning that the product of the cycloaddition to bot bay r gions was not obtained.
A similar reaction was also realized in 2017 but with some modifications in reaction conditi ns (170 ◦C,
36 h, exce s of melte maleic anhydride as a solvent, p-chloranil), which resulted i a higher, 70% yield
of benzo[ghi]perylen 1,2-anhydride-4,5,10,11-tetracarboxylic tetra thyl ester [117].
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ester [117,186]. Reage ts and conditions: (a) p-chloranil rfx, 24 h, Y = not reported [186] and (b) 170 ◦C,
36 h, Y = 70% [117].
In turn, the cycloaddition of -et yl alei ide (7) to a tetraester, i.e., perylene-3,4,9,10-
tetracarboxylic acid tetra-iso-butyl ester (172), takes place in both bay regions of the perylene core
(Sche e 39) [141].
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As mentioned before (see Section 2.10), in 2016, the cycloaddition of benzyne derivatives to the bay
region of perylene was reported. Furthermore, cycloaddition to their tetraethoxycarbonyl derivative
(170) was also described (Scheme 40) [175].
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. t sis of dibenzocor nene derivatives via HD A cas de r actions: two is mers of the
double adduct are created [175]. Reagents and conditions: (a) CHCl3, 85 ◦ , ~12 h, Y = 5% (1:2 mixture
of 176:177).
Recently, we developed a method for the cycloaddition of benzyne (50) and 2,3- and 1,2-naphthynes
(69 and 70, respectively) to the bay region of perylene tetracarboxylic acid tetrabenzyl ester (178) to
obtain the corresponding derivatives (179-181), as shown in Scheme 42 [194–196]. In this case, we also
applied a novel system for aryne generation that we developed, namely, CsF + 1,2-dicyanoethene
+ 1,2-dimethoxyethane (also see Section 9). Reaction yields were 20–30% higher compared with the
reaction using CsF in MeCN/THF solution.
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. Cycloadditi n of be zy e and naphthynes (1,2- a d 2,3-naphthynes) to the
3,4,9,10-tetra(benzylox carbonyl)perylene bay region [ 4–196]. R agents and cond tions: (a)
fl ,
ifl lf t , i l il l t l ifl t l on (fo ,
i , d ho y h n 1,2-dicyanoethane (1v/1v), 60 ◦C, 24 h; Y = 75% (benzyne); and 73%
(2,3-naphthyne) and 65% (1,2-naphthyne).
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Moreover, we observed that the generation of arynes using systems containing KF (in THF) was
not efficient, in contrast to the reaction with the unsubstituted perylene core (see Section 2.10). It turns
out that the destruction of the tetraester takes place (probably because of the competitive nucleophilic
attack of fluoride on the esters groups).
9. Cycloaddition to Benzo[ghi]perylene and Its Derivatives Bay Region
In 1957, Clar and Zander described the cycloaddition of maleic anhydride (2), in the presence of
p-chloranil as an oxidant, to benzo[ghi]perylene (29), which resulted in (182), as shown in Scheme 43 [136].
Importantly, this reaction does not take place in nitrobenzene (used as a solvent and oxidizing
agent) [135].
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(MW; 850 W) is also reported [142]. Interestingly, in this reaction, benzo[ghi]perylene (29) under ent
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employ d; however, the yield was not reported (the a thors described it as “satisfact ry yield”, based
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This year, we found that with the application of an extremely effective method of benzyne
generation, cycloaddition o the second bay area f diaryl (or di ethoxy arbonyl) benzoperylenes
is possible (Scheme 45 and Figure 5). In this way, coronene erivatives can be synthesized i two
stages: cy loaddition of diarylacetylenes (or dimethyl acetylenedi rboxylate) to the perylene bay
regi n (see Sections 2.7 and 2.8, respectively) with the subsequent cycloaddition of in-situ-generated
b nzyne (50) to diaryl 35, 39, and 42 (or dimet oxycarbonyl 33) benzoperylenes. This method is fully
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innovative and is currently the subject of patent applications [197–200]. Importantly, the CsF + MeCN
+ THF system is not used to obtain the products (185-188).
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Figure 5. Synthesis of benzocoronenes via the cycloaddition of benzyne to selected 1,2-diarylbenzo
[ghi]perylenes. Y = 45% (185); 65% (186); 78% (187); and 65% (188).
One example of coronene derivative synthesis is the cycloaddition reaction of N-ethylmaleimide
7 to benzo[ghi]perylene-1-carboxylic (2-ethylhexyl)ester (189), in which coronene 1,2,7-tricarboxylic
1:2-ethylimide-7-(2-ethylhexyl)ester (190) is obtained (see Scheme 46) [141].
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yield of reacti n product 195 was very low (Scheme 8) [144].
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Interestingly, when bare perylene was used as a substrate instead of diazobenzoperylenes,
the isolated yield of tetrazocoronene was lower (see Scheme 8).
Matsuda and colleagues presented the cycloaddition of maleic anhydride (2) to
naphtho[ghi]perylene (51) to afford the desired product (198) in 70% yield (Scheme 51) [167].
However, they confirmed the structure of the obtained coronene derivative using only the IR method.
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t r hand, benzo[ghi]perylene (29) does not react with dialkyl diazodicarboxylates (i.e., 18
and 19) under the same conditions, which correlates well with the lack of reactivity of the latter toward
maleic anhydride (2) [34].
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10. Cycloaddition to Tribenzoperylene
In their work, Clar and Zander also presented the cycloaddition of maleic anhydride (2) to
1:12-2:3-8:9-tribenzoperylene (202), producing 1:2-7:8-dibenzocoronene-3:4-dicarboxylic anhydride
(203), as shown in Scheme 53 [136].
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conditions: (a) p-chloranil, rfx, 1.5 h, Y = 88%.
The sa e product (203) ay also be for ed in the reaction in hich bro o aleic anhydride is
used instead of aleic anhydride (no solvent, rfx 2 h, Y = 60 ). This reaction is believed to proceed
according to the follo ing echanis : typical cycloaddition and then ther al rearo atization via
HBr and H2 elimination. In 1969, Zander published a work regarding the relative reactivity of perylene
and other polycyclic aromatic hydrocarbons based on a perylene core in a cycloaddition reaction of
maleic anhydride to the bay region (see Section 12).
11. Cycloaddition to Bisanthene and Its Derivatives
11.1. Cycloaddition of Maleic Anhydride
In 1948, Clar published a paper about the cycloaddition of maleic anhydride (2) to the bay regions
of bisanthene (204) and benzobisanthene (206) to obtain 205 and 207, respectively (see Schemes 54
and 55) [201,202]. This publication was also cited in a review in 2015 [203].
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Bisanthene (204) turned out to be significantly more reactive than bare perylene (1); therefore,
the cycloaddition takes place in both bay regions and occurs, interestingly, quantitatively.
Further calculations for the cycloaddition of acetylene and other dienophiles (see Section 12) at
DFT levels confirmed that the activation energy of the cycloaddition reaction to the 204 bay region is
much lower than that for 1. Both of the above-mentioned reactions were applied in the synthesis of
ovalene via cycloaddition–decarboxylation [202,203].
11.2. Cycloaddition of Acetylene
In 2010, the synthesis of 7,14-dimesitylovalene (210) via the double-cycloaddition of acetylene,
generated in situ from nitroethene (28) or phenyl vinyl sulfoxide (30) as masked acetylene,
to 7,14-dimesitylbisanthene (208) was reported by Fort and Scott (Scheme 56) [147].
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Sche e 5 . Mono- and double-cycloa dition of acetylene (nitroethene and vinyl sulfoxide as an
acetylene source, “ asked acetylene”) to the bisanthene bay region [147]. Reagents and conditions:
(a) 2-nitroethanol (“masked” acetylene source), phthalic anhydride, pressure vessel, 135 ◦C, PhMe, 1 d,
Y = 84%; (b) phenyl vinyl sulfoxide (“masked” acetylene source), 155 ◦C, no solvent, 1 d, Y = 16.5%
The final product (210) of double-cycloaddition was obtained with 84% (nitroethene) or 16.5%
(phenyl vinyl sulfoxide) yield. When pure nitroethylene was applied as the acetylene source, a mixture
of mono- and diadducts (209 and 210, respectively) was formed. As mentioned in Section 2.6, it is
a two-step process: the first step is the cycloaddition of nitroethene 28, followed by the thermal
elimination of HONO. Interestingly, the application of pure nitroethene did not yield better results.
Generally, bisanthene (204) is a much more reactive diene than perylene (1) in the DA cycloaddition
to the bay region, which is shown both experimentally and in computational studies (also see
Section 12) [147]. It should be added that the mesityl group is very important not only because
of the solubility and π-stacking limitation but primarily because of the electronic structure of this
polyaromatic system. Bisanthene (204) can also exist as an open-shell PAH in the form of a diradical [1].
The introduction of any bulky group, such as mesityl, into the 7- and 14-positions of bisanthene is one
of the approaches to reducing the reactivity of bisanthene as biradicals [1].
In 2012, the cycloaddition of acetylene gas (211), dissolved in DMF, to 7,14-disubstituted bisanthene
was described, and the monoadduct (209) was created (Scheme 57) [204]. Prolongation of the reaction
time from 48 h to 7 days caused the molar ratio of product:substrate to increase from 21:79 to 34:66, but,
unfortunately, undesired side reactions were observed. In turn, when toluene or 1,2-dichlorobenzene
was used as a solvent, conversion of this reaction was lower than that in DMF (the solubility of
acetylene gas in DMF is exceptionally good).
Due to the explosive properties of acetylene (211), the procedure requires strict pressure control in
the reactor [204].
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11.3. Cycloaddition of Acetylenedicarboxylate to Di-Mesityl-Bisanthene
The ycloaddition of acetyledicarboxylates to the bisanthene (204) bay region is much easier
than in the case when perylene (1) is applied as a diene, and this was confirmed experimentally
using both dienes (no-perylene adduct was observed) [148]. In contrast, in the reaction of bisanthene
derivative 208 with diethyl acetylene dicarboxylate (32), 100% conversion into diadduct 213 is possible
(Scheme 58) [149]. Our recent research indicates that for perylene, even at a temperature of 185 ◦C,
no diadduct is created, but 100% conversion of perylene to the monoadduct is achieved (see Section 2.7).
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result of these reactions, a number of products (214-218) were synthesized.
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Scheme 59. Cycloaddition of in situ generated arynes to the 7,14-di-mesityl-bisanthene,
i.e., 7,14-dimesitylphenanthro[1,10,9,8-opqra]perylene [205]. Reagents and conditions: (a) 3-amino-
2-naphthoic acid, isoamyl nitrite, PhMe, rfx, 1 h, Y = 39%; (b) 1-bromonaphthalene, NaNH2, THF, rfx,
2 h, Y = 49%;(c) 2-(trimethylsilyl)phenyl trifluoromethanesulfonate, CsF, THF, rfx, 1 d, Y = 72% or
anthranilic acid, isopentyl nitrite, PhMe, 1 h, Y = 75%; (d) n-BuLi, 1,2,4,5-tetrabromobenzene, PhMe,
rfx, 1.5 h, Y = 51%; and (e) 9-bromophenanthrene, NaNH2, THF, rfx, 12 h, Y = 40%.
All reactions proceeded smoothly under mild conditions, and it should be noted that the
monoadduct could be obtained as the dominant product [205].
11.5. Cycloaddition of Benzo- and Naphthoquinones
The cycloaddition of 1,4-naphthoquinone (26) to bisanthene derivative 219 was reported in 2011
(see Scheme 60) [206]. In this reaction, nitrobenzene acts both as a solvent and, primarily, an oxidizing
and dehydrogenation agent. There are 3,5-di-tert-butylphenyl groups in the structure of the molecule
that affect the stability and solubility of the substrate and products.
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The yield of this reaction was not reported (the mixture of final products 220 and 221 was subjected
to further transformations); however, it can be concluded that it was ca. 60% if we take into account
the yield of post-conversion final products [206].
The bisanthene derivative obtained as a product of the mono-cycloaddition of 1,4-naphthoquinone
(26) (see Scheme 60) was used in a further reaction with 1,4-benzoquinone (24), which resulted in 85%
isolated yield of corresponding cycloadduct 223 (Scheme 61) [156]. 3,5-Di-tert-butylphenyl motifs
present in the structure were introduced into the molecule via reaction with ArMgBr [206].
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In the above-described reaction, bisanthene motifs were connected via DA cycloaddition to the bay
region: one of them was employed as a diene and the other as a dienophile [206]. Intriguingly, attempts
to obtain the product from Scheme 62 in a one-step reaction (double DA) between benzoquinone and
the substrate from Scheme 61 have failed [206].
A bisanthene derivative (substrate 222 from Scheme 61) was also used in the cycloaddition with
1,4-naphthoquinone (26) to produce 225, which is shown in Scheme 63 [206].
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onoadduct 227 (only a trace a ount of the diadduct as observed) as used in further
reactions. The cycloaddition reaction from Scheme 64 should result in a yield of not less than 54% after
accounting for transformations that occur beforehand [206]. An extended DA time did not generate
more of the diadduct, presumably because of the relatively low reactivity and low solubility of the
monoadduct [206].
12. Computational Investigations of the Diels–Alder Cycloaddition to Perylene and Its Analogs’
Bay Regions
For the first time, in 2009, the cycloaddition reaction to PAH bay regions became the object of
theoretical research using the DFT method [149]. Specifically, Fort et al. hypothesized that activation
energies of the cycloaddition of maleic anhydride to the bay regions of increasingly long PAHs
should decrease in the sequence phenanthrene-perylene-bisanthene-tetrabenzocoronene because of the
diminishing aromatic stabilization energies of the terminal “wing” benzene rings [149]. This hypothesis
was supported by B3LYP/6-31G* calculations and confirmed experimentally: maleic anhydride
undergoes cycloaddition to substituted bisanthene but not to perylene. The elegant approach to the
benzannulation of bay areas of large polyaromatic hydrocarbons, described by Fort and Scott [147]
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(see Section 2.6), was discovered through the computational investigation of reactive dienophiles for
this cycloaddition: nitroethene, at the B3LYP/6-31G* level of theory, was predicted to be more reactive
by four orders of magnitude. In this case, the calculated activation energy for the cycloaddition of
nitroethene is 8.8 kcal/mol lower relative to the energy barrier for the reaction with phenyl vinyl
sulfoxide. It is worth mentioning that calculations with the use of the B3LYP functional and the 6-31G*
basis set but without the dispersion corrections lead to unsystematic errors on the order of tens of
kcal/mol [207]. Cao et al. performed a comprehensive study of the Diels-Alder reactivity of graphene
models with 2,3-dimethoxybutadiene (DMBD), 9-methylanthracene (MeA), tetracyanoethylene (TCNE),
and maleic anhydride (MA) using the M06-2X andωB97X-D functionals [208]. None of the investigated
reagents was able to functionalize interior bonds of the graphene model, but all of them are predicted to
undergo facile cycloaddition to graphene edges: DMBD and MeA via [4 + 2] cycloadditions, and TCNE
and MA via both [4 + 2] and [2 + 2] cycloadditions. Cycloaddition to zigzag edges (essentially, bay
regions) was found to be facilitated by the higher spin density (radical character) of these regions of
graphene models. According to the transition state theory, the kinetically limiting reaction step involves
overcoming the energy barrier to reach the transition state (TS). For the studied cycloaddition reactions,
on the basis of theoretical models of these reactions, transition state structures and activation energies
were determined by applying the DFT/B3LYP level of theory and def2-TZVP basis set. Our calculations
showed that, surprisingly, the activation energy of the cycloaddition reaction of disubstituted acetylenes
to the bay regions of perylene and its derivatives depends mainly on the dienophile, not the diene
structure [152]. A summary of these findings is presented in Figure 6.Molecules 2020, 25, x FOR PEER REVIEW 34 of 49 
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Figure 6. Calculated energy barriers for transition states (∆ETS) in modeled cycloaddition reactions
of R-CC-R to perylene and tetraamino- and tetranitro perylene bay regions, obtained by the
DFT/B3LYP/def2-TZVP method [152]. Results with superscripts a, b, and c correspond to the
cycloaddition of acetylenedicarboxylic acid to perylene, tetraaminoperylene, and tetranitroperylene,
respectively. Superscripts d and e relate to energy barriers for the reaction of acetylene with
tetraaminoperylene and tetranitroperylene.
The results of these calculations were crucial in planning the conditions of cycloaddition reactions
of various acetylenes (R-C≡C-R type) to perylene and its derivatives. From a mechanistic point of
view, the calculations showed the synchronous formation of σ bonds of the two carbon atoms of the
acetylene motif in dienophiles (CAc) with the respective carbon atoms of the bay regions of perylene
(CPe). In the first phase of the reaction, both CAc atoms attack the perylene simultaneously, and in
the transition state (TS), CAc· · ·CPe distances for both pairs of carbon atoms are the same. In Figure 7,
the calculated potential energy surface (PES) as a function of CAc· · ·CPe distances is presented for the
cycloaddition reaction of diphenylacet lene with perylene. As is visible in Figure 7, the minimum
energy path from reactants to the transition state proceeds along the diagonal of the PES, so at each
oment, the formation of σ bonds between corresponding carbon atoms will proceed synchronously.
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For relaxation from the TS to the transition product, the same process characteristic can be observed.
For the disubstituted acetylenes presented in Figure 6, in the transition state, the newly formed CAc-CPe
bonds have the same length if the R substituents in the dienophile are the same. If the R groups are
different, i.e., PhC2COOMe, the calculated transition state geometry suggests that, to some extent, C-C
bond formation can be an asynchronous process. For the above-mentioned dienophile, the length
difference between two CAc-CPe bonds is about 0.47 Å. A similar asynchronous TS is also observed for
1,2-diacetylacetylene.
Figure 7. (a) Potential energy surface (PES) as a function of CAc-CPe distances for the cycloaddition
reaction of diphenylacetylene with perylene. (b) Vertical projection of PES in the contour representation.
In 1969, Zander published a work regarding the relative reactivity of perylene and other polycyclic
aromatic hydrocarbons based on the perylene core in the cycloaddition reaction of maleic anhydride to
the bay region. The results of these studies, obtained by measuring the reaction rates, are presented in
Table 1 [201].
Table 1. Relative reactivity of perylene and their benzo-, naphtho-, and dibenzoderivatives in the DA
cycloaddition of phthalic anhydride to the bay region [201].
PAH Structure
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According to the author, with the exception of perylene, the sequence of relative reaction rates 
of the remaining dienes is ordered. Unfortunately, the reasons for the differences in the reactivity of 
perylene are not provided. In our opinion, such research is not possible without theoretical 
calculations, which were not appreciated for the analysis of these types of reactions until 2009. Our 
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According to the author, with the exception of perylene, the sequence of relative reaction rates
of the remaining dienes is ordered. Unfortunately, the reasons for the differences in the reactivity of
perylene are not provided. In our opinion, such research is not possible without theoretical calculations,
which were not appreciated for the analysis of these types of reactions until 2009. Our calculations
for the cycloaddition of diphenylacetylene to the perylene and benzoperylene bay regions showed
that the activation energy of this reaction is higher for benzoperylene (47 kcal/mol) than for perylene
(43 kcal/mol) [152]. On the other hand, comparing the calculated activation energies for the reaction of
acetylene with perylene and bisanthene, a significant drop (about 6 kcal/mol) in the calculated energy
barrier is observed for the cycloaddition reaction with bisanthene compared with the reaction with
perylene. The calculated energy barriers to the TS in the mentioned reactions amount to 35 kcal/mol
and 29 kcal/mol for perylene and bisanthene, respectively [149,152].
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In 2019, two research groups almost simultaneously published the results of research on the
application of the APEX strategy, i.e., the cycloaddition of arynes to perylene bisimides (PBIs) for the
synthesis of core-extended PBIs [132,133]. The varied reactivities of the arynes and the properties of
the obtained compounds have been successfully explained using DFT calculations. T. Nakamuro et al.
concluded that DFT calculations at the B3LYP/6-31G(d) level suggested that the bay-region APEX
reaction between benzyne and PBI, benzo-PBI, and phenathro-PBI probably proceeds through an
inverse-electron-demand Diels–Alder reaction with calculated free-energy reaction barriers of about
14.9 (PBI), 17.1 (benzo-PBI), and 15.7 (phenanthro-PBI) kcal/mol [132]. For the cycloaddition reaction
of benzyne with perylene and its various derivatives, our preliminary DFT/B3LYP calculations with a
def2-TZVP basis set result in very similar values of calculated free-energy reaction barriers, which
are about 17–18 kcal/mol. As a general point, it should be stressed that of all theoretically studied
cycloaddition reactions with different dienophiles, reactions with benzyne are characterized by the
lowest energy barriers to the TS. In the work of N. Zink-Lorre et al., it was stated that theoretical
calculations performed using the DFT method are able to explain the unexpected changes observed
for the electronic, optical, and redox properties of the PBIs upon transversal core extension of up to
three different levels [133]. According to the results of DFT calculations, transversal core extension
to so-called level 1 by inserting a C=C double bond in one or two sides of the PBI system generally
leads to an increase in the HOMO–LUMO energy gap relative to the unsubstituted PBI system.
The HOMO-LUMO energy gap is a simple energy difference between the energies of the Highest
Occupied and Lowest Unoccupied Kohn-Sham orbital obtained in the DFT calculation. In this case,
the increase in the energy gap is caused by the stabilization and destabilization of HOMO and LUMO
orbitals, respectively, as a result of the formation of benzene-like HOMOs and a larger number of
antibonding interactions in the LUMO. These changes in the electronic structure explain, among other
observations, the hypsochromic shift of the lowest electronic transition in the absorption spectrum
for PBI when it is transversely extended to level 1. The π-expansion of the PBI core to level 2 by
incorporating four additional carbon atoms in the form of C=C–C=C fragments, leading to asymmetric
NPDI and symmetric DBCDI, also causes a hypsochromic shift in the absorption and emission band.
For this expanded PBI, a reduction of the electron-accepting ability is also observed, which is apparent
by lowering the value of the theoretically calculated electron affinity and using more negative reduction
potentials measured experimentally. In line with DFT results, an increase in the HOMO–LUMO gap
is observed as a result of the level-2 PBI core extension. DFT calculations indicate that the HOMO
energies are barely affected by this π-extension to level 2, but additional peripheral benzene rings
contribute to the destabilization of the antibonding interactions, leading to a significant increase in
LUMO energy. As a result of connecting another C=C–C=C motif to an asymmetric NPDI or symmetric
DBCDI, a level-3 transversal core extension is obtained. In contrast to level 2, the level-3 π-expansion
results in the reduction of the HOMO–LUMO gap because of the increase in the π-conjugation and
destabilization of the HOMO orbital. These computational results nicely correlate with a much lower
measured oxidation potential and a decrease in the value of the theoretically calculated first ionization
potential for PBI expanded to level 3. For derivatives with such structurally enlarged PBI cores,
HOMO orbital destabilization and the reduction of the energy gap affect spectroscopic properties by
decreasing the excitation energy for the lowest S1 singlet state, which leads to a bathochromic shift
of both the lowest absorption and emission band. It is worth noting that the structural extension of
the PBI core to level 2 or 3 changes the electronic structure in general by increasing the π-conjugation,
and it affects the final character of the HOMO or LUMO orbitals. Observed changes in the topology
of frontier orbitals lead to the reduction of the HOMO–LUMO overlap, and consequently, for the
core-extended derivatives, the calculated oscillator strengths of the lowest S0→ S1 electronic excitation
remain decreased. This effect successfully reproduces the experimentally observed drop in intensity
for the lowest absorption band. The similar stabilization and destabilization of frontier orbitals and the
influence of the energy gap change on spectral and electrochemical properties were also observed for
many functionalized PAHs [152].
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13. Importance of Cycloaddition to the Bay Regions of Perylene and Its Derivatives for Chemistry
and Technology: Current Status and Perspectives
The oldest known cycloaddition to the bay region, i.e., the cycloaddition of maleic anhydride,
was first developed for perylene, followed by benzo- and dibenzoperylenes and some other PAHs,
including functionalized ones (perylene bisimides, dicyanoperylene, perylenetetracarboxylic acid
tetraesters, benzoperylene, and their derivatives). However, the final products of these reactions,
i.e., benzoperylenedicarboxylic acid anhydrides, are weakly soluble or extremely insoluble in common
organic solvents, even when solubilizing (alkyl) groups are attached to the diene. It could be supposed
that this is the reason that the cycloaddition of maleic anhydride to both perylene bay regions (creation of
coronene) is not observed. Only in the case of bisanthene does this reaction take place in both bay
regions and, moreover, does so quantitatively; this is probably because the reactivity of bisanthene is
much higher than that of perylene. Therefore, anhydrides and dianhydrides—the final products of the
maleic anhydride cycloaddition to PAH bay regions (to one or both, with the latter observed only for
bisanthene)—are intermediates used for the synthesis of diesters and N-substituted imides, which are
highly or often very highly soluble in organic solvents. Consequently, they could be applied as organic
electronics materials, generally as luminophores and photoactive materials. Importantly, it is possible to
transform the anhydride motif into the N-substituted imide motif through the cycloaddition of different
dienophiles, e.g., maleic anhydride or N-substituted maleimides, to the other side of the PAH molecule,
which leads to coronene derivatives. An important limitation to the combination of two reactions,
namely, the cycloaddition of maleic anhydride to PAHs with the subsequent imidization, is the low
yields of cycloaddition to alkyl and dialkyl perylene derivatives. Undoubtedly, the cycloaddition
of maleic anhydride with further imidization and subsequent cycloaddition reactions “on the other
side” is a key synthetic tool when it comes to π-expansion and other modifications of the perylene
scaffold. The cycloaddition reactions of functionalized benzynes and other arynes to perylene and its
derivatives are also very promising because the products of such reactions can be subjected to further
modifications. The spectacular thermally or photochemically initiated domino and cascade HDDA
cyclotrimerization–cycloaddition reactions, in which arynes are generated thermally or photochemically
from diynes and polyynes via cyclotrimerization, should arouse special interest. Importantly, not only
the bare perylene core but also perylene derivatives (e.g., peryleneteracarboxylic acid tetraesters, which
can be easily transformed into diimides) undergoes the cycloaddition of arynes. The recently developed
cycloaddition of diaryl acetylenes to perylene and PBI bay regions, leading to diarylbenzo[ghi]perylenes
and diaryl-benzo-PBI, deserve special attention. In fact, products of this reaction can be transformed
via cycloaddition “from the other side” of perylene using, e.g., benzyne, benzo-diyne, and maleic
anhydride, and via the Scholl reaction. The latter method seems to be especially interesting in the context
of the functionalized small pieces of graphene obtained. The reaction of perylene with a benzo-diyne
precursor, i.e., 1,2-bis(trimethylsilyl)-5,6-trifluorosulphonato benzene, is also extremely interesting and
promising; the final product of this cycloaddition is still the aryne precursor, which can be subjected to
tandem aryne generation–Pd-catalyzed cyclotrimerization, which results in a triphenylene derivative
with perylene motifs (which can be considered small pieces of graphene). The potential for this
reaction is the application of functionalized derivatives of benzoperylene, e.g., the ones obtained
via the cycloaddition of diarylacetylenes to the bay regions of perylene and perylene bisimides.
Moreover, aryne-diyne (e.g., benzo-diyne) cycloaddition can be used to functionalize the graphene
surface: after binding to the surface with one triple bond from the aryne-diyne moiety, the second
triple bond can be used for further graphene surface functionalization. The recently discovered
domino-type reaction between perylene and 1,4-diaryl-13-butadiynes, leading to π-expanded PAHs,
creates extraordinary and quite novel opportunities. The products of such reactions can be used for
the synthesis of more complex nanographenes via the Scholl reaction, the cycloaddition of arynes, or,
in particular, cycloaddition–cyclotrimerization. In the third case, in the first stage of monocycloaddition
to the second bay position of perylene derivatives, a precursor of diaryne, e.g., benzo-diyne, is attached.
The product of this reaction, namely, a coronene derivative, is still an aryne precursor, and it can be
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used for the synthesis of nanographene via aryne generation–aryne dimerization or cyclotrimerization.
In turn, the combination of the cycloaddition of azenedicarboxylates to perylene, perylene bisimides,
and some other PAHs, with the hydrolysis of ester groups to COOH groups, can be a ligand source:
derivatives of benzo[ghi]perylenedicarboxylic acid. Transition metal complexes, e.g., Ru, Ir, and Fe,
with ligands obtained via the cycloaddition of azodicarboxylates, with the subsequent hydrolysis
of COOR groups into COOH groups, should exhibit interesting optical properties because of the
presence of an extended π-electron system. Since the cycloaddition of diazenedicarboxylates can take
place in both bay regions of perylene, it could be applied as an attractive method for the synthesis of
1,2-diazobenzo[ghi]perylene and 1,2,6,7-tetrazocoronene derivatives. The cycloaddition reaction of
acetylenedicarboxylates is of similar importance to the cycloaddition of azodicarboxylates because of
the spectacular improvement of this reaction, i.e., quantitative perylene conversion. The cycloaddition
of acetylene (gaseous or generated from precursors, for instance, from nitroethene) can be applied for
growing carbon nanotubes; at least, this was the intention of the authors of publications devoted to
this reaction. Unfortunately, the development of this concept has not been reported; it seems to be
unattractive, perhaps because of the risk of acetylene explosion. In our opinion, cycloadditions to the bay
regions of bisanthene (phenanthro[1,10,9,8-opqra]perylene) and its derivatives, e.g., substituted in the 7-
and 14-positions with t-butyl or mesityl groups, have a special application potential, especially when it
comes to the synthesis of small pieces of graphene. As shown by the calculations, the activation energy
of the cycloaddition of acetylene is much lower for bisanthene than for perylene. Therefore, the DA
cycloaddition of various dienophiles to bisanthene, including acetylene, occurs easily, often in both
bay regions, with high or even quantitative conversion. Due to the possibility of reducing the
quinone-system to other aromatic systems and introducing solubilizing groups, the cycloaddition of
quinones is also very interesting. Above all, the most worthwhile possibility is the combination of
large structures to obtain small graphene pieces. The transformation of quinone moieties into diimines,
as is known for p-benzoquinone, should attract special interest because it provides an ability to create
molecular and polymer nanomaterials with interesting photophysical properties [209]. The reactions
of primary amines with products of p-benzoquinone cycloaddition to perylene and other PAHs are
not known, so far. In conclusion, the APEX strategy, represented by the DA cycloaddition of various
dienophiles to the bay regions of perylene and other PAHs, has a constantly growing application
potential when it comes to modifications of polyaromatic hydrocarbons and the properties of their
functionalized derivatives, especially the combination of this reaction with other ones, e.g., imidization
of the anhydride motif, cycloaddition to the bay region on the other side of the PAH molecule, the Scholl
reaction, and others.
14. Conclusions
In this review, all Diels–Alder cycloaddition reactions of various dienophiles to the bay regions
of perylene and its derivatives, e.g., benzoperylene, perylene bisimide, perylene tetracarboxylic
acid tetraesters, bisanthene, and others, were discussed. This type of one-step annulative
π-extension (APEX) strategy has emerged as a powerful and efficient synthetic method for the
construction of polycyclic aromatic hydrocarbons and nanographenes, including functionalized ones,
and π-extended fused heteroarenes. Importantly, this cycloaddition reaction is always combined
with cycloadduct aromatization via hydrogen evolution, oxidative dehydrogenation, transfer of
dihydrogen from cycloadducts to the second molecule of the dienophile, and elimination of XY
molecules (for dienophiles of the XCH=CHY type). Cycloadditions of ethylenic dienophiles (maleic
anhydride, N-substituted maleimides, vinyl sulfoxide, alkyl acrylates, and fumarodinitrile, quinones),
-N=N-, i.e., diazo-dienophiles (azodicarboxylates and triazolinediones) and acetylenic dienophiles
(acetylene, acetylenedicarboxylates, diarylacetylenes, and arynes), were described. This subject was
discussed from the organic synthesis point of view but supported by theoretical calculations. The in
silico chemistry aspect of these reactions has been studied since 2009. Due to the results of DFT
studies, i.e., calculations of activation energies, it was possible to explain the very diverse reactivities
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of some PAHs to different dienophiles. Calculated activation energy values for the cycloaddition
of various acetylenic dienophiles also allows rational synthesis planning, particularly the reaction
temperature. For example, the activation energies for the reactions of benzyne, acetylenedicarboxylate,
and diphenylacetylene with perylene are 6, 35, and 42 kcal/mol, respectively. These values elucidate
why cycloaddition takes place effectively for these dienophiles at different temperatures, i.e., 60 ◦C,
180 ◦C, and 280 ◦C, respectively. Whether the cycloaddition occurs in one or both bay regions of a
PAH molecule depends on the reactivity of the diene and dienophile. Perylene is, for example, much
more reactive than benzoperylene (which has been examined for the cycloaddition of maleimide
by means of kinetic studies) but much less reactive than bisanthene. Therefore, in the case of
the latter diene, the cycloaddition process almost always occurs on both sides, and when using
acetylene or maleic anhydride, for example, it is quantitative. For perylene and its derivatives
(PBI, dialkyl and dicyanoperylenes, and perylene tetracarboxylic acid tetraesters), cycloaddition takes
place in one bay region, except for particularly reactive dienophiles (maleimides, triazolinediones,
and azodicarboxylates). When it comes to dienophiles, the most reactive are azodicarboxylates,
N-substituted triazolinediones, and N-substituted maleimides: applying them to the cycloaddition
of perylene or its derivatives (PBI and dialkylperylene) results in diadduct formation. Importantly,
after the cycloaddition of maleimides to perylene, the cycloaddition of maleic anhydride on the other
side of perylene is possible, which is particularly important for the synthesis of coronene derivatives.
Benzyne is also a very reactive dienophile (i.e., the activation energy of the cycloaddition reaction of
benzyne to perylene is very low), but the final product of this reaction, namely, naphthoperylene, is not
very reactive, and therefore, the cycloaddition to only one bay region of perylene or its derivatives
was observed. Only for bisanthene does the cycloaddition of arynes take place on both sides, but the
monoaddition product is predominant. The [4 + 2] cycloaddition reaction combined with cycloadduct
aromatization is an atom economical strategy that allows the significant modification of the base
structure and the production of the expected properties of the π-extended target structure. It is
possible to modify and even tune the properties (e.g., emission and conductive, self-assembly) of target
molecules while maintaining the unusual features, particularly the thermal and chemical durability,
of perylene and many of its derivatives. Therefore, there is no doubt that the APEX strategy, represented
by cycloaddition to PAHs’ bay regions, is an important, attractive, and promising tool for modifying
(π-expanding) both unfunctionalized and functionalized PAHs. When it comes to the importance
and potential applications of various types of cycloaddition reactions, the cycloaddition of maleic
anhydride, as a prelude to further transformations, including cycloaddition on the other side of the
molecule (after imidization), is, and will be, very essential. In addition, the cycloaddition of arynes
and biarynes (especially those generated from polyynes) and the recently described cycloaddition
of diarylacetylenes and 1,4-diaryl-1,3-diarylabutadiynes to perylene and PBI bay regions are very
important and promising. The latter is a domino-type cycloaddition–cycloisomerization reaction,
in which in the first-stage Diels–Alder cycloaddition of the diyne to the perylene bay region takes place
analogously to disubstituted acetylene (only one of the triple bonds undergoes cycloaddition). In the
second stage, the resulting masked dienyne undergoes a rapid cycloaromatization reaction, resulting in
a π-extended PAH. Reactions that involve arynes, aryne-diynes, diarylacetylenes, and diarylbutadiynes
can be used for the synthesis of pieces of functionalized graphene (nanographenes), e.g., via an
additional DA cycloaddition on the other side of the PAH molecule, dimerization, or cyclotrimerization.
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